Abstract. Relativistic electron dropout (RED) events are characterized by fast electron flux decrease at the geostationary orbit. It is known that the main loss process is non adiabatic and more effective for the high energy particles. RED events generally start to occur at midnight sector and propagate to noon sector and are correlated with magnetic field stretching. In this paper, we discuss this kind of event can be caused from pitch angle diffusion induced when the gyro radius of the electrons is comparable to the radius of curvature of the magnetic field and the magnetic moment is not conserved any more. While this process has been studied theoretically, the question is whether electron precipitation could be explained with this process for the real field configuration. This paper will show that this process can successfully explain the precipitation that occurred on 14 June 2004 observed by the low-altitude (680 km) polar orbiting Korean satellite, STSAT-1. In this precipitation event, the energy dispersion showed higher energy electron precipitation occurred at lower L values. This feature is a good indicator that precipitation was caused by the magnetic moment scattering in the geomagnetic tail. This interpretation is supported by the geosynchronous satellite GOES observations that showed significant magnetic field distortion occurred on the night side accompanying the electron flux depletion. Tsyganenko-01 model also shows the magnetic moment scattering could occur under the geomagnetic conditions existing at that time. We suggest the pitch angle scattering by field curvature violating the first adiabatic invariant as a possible candidate for loss mechanism of relativistic electrons in radiation belt.
Introduction
Many spacecraft failures and anomalies have been attributed to relativistic electrons (sometimes referred to as "killer electrons") in the Earth's magnetosphere (Baker, 2000) . An example of such failures is caused by the spacecraft internal charging (Garrett and Whittlesey, 2000) . High energy electrons can penetrate the thick shielding and bury themselves in the insulation around sensitive satellite electronics. Charges from these accumulating electrons build up in the spacecraft, and a strong internal electrical discharge can occur to destroy electric devices. Not surprisingly, understanding them has been one of top issues since early space era.
While the dynamics of these electrons have been studied extensively for several decades, the fundamental questions as to how they are produced and lost are still not fully resolved (Friedel et al., 2002) . Electrons within Earth's magnetosphere come from two main sources, the solar wind and the Earth's ionosphere. However, these two sources provide low energy electrons, 1 eV and 10 eV for each. These values are too small to explain the high population of relativistic electrons with energies ∼100 keV to >15 MeV (Li and Temerin, 2001) .
Regarding the question of how they are lost, there are two kinds of loss processes, adiabatic and non-adiabatic. The adiabatic processes, such as the magnetopause shadowing and D st effect, do not represent real losses, because the flux decrease is caused by magnetic field intensity changes (Dessler and Karplus, 1961; Reeves et al., 1998; Kim and Chan, 1997) . When the field returns, the flux will be recovered in the adiabatic process. Non-adiabatic processes are irreversible particle losses, where particles are lost permanently when they encounter the magnetopause (Desorgher et al., 2000) or precipitate into atmosphere by wave particle interactions or magnetic moment scattering due to field stretching (Young et al., 2002) . The electron flux level in the magnetosphere at any time is determined by a competition between acceleration and loss process. The electron fluxes are commonly observed to decrease during the main phase of a storm, and then may increase to well above the prestorm levels during or shortly after the recovery phase of the storm (Nagai, 1988; Kim et al., 2006 ). Yet in some cases, electron fluxes are not recovered and remained low flux level (Reeves et al., 2003) . Onsager et al. (2002) investigated the flux level at geosynchronous altitudes in response to a moderate (−80 nT D st ) magnetic storm (16 April 2000) . They found that the >2 MeV electrons decrease fairly abruptly but not simultaneously at different local times and the flux level did not increase during the recovery time. These events are known as RED (Relativistic Electron Dropout) events. They also showed that the lower energy electrons <300 keV recover fully while the >2 MeV electrons are permanently lost. Green et al. (2004) studied three possible causes of the ensuing flux decrease: adiabatic electron motion in response to the changing magnetic flux topology, drift of the guiding center out the magnetopause boundary, and precipitation into the atmosphere. Although the adiabatic motion may be a satisfactory explanation for the local time dependence of the flux levels and partly contributed to electron flux decrease, their analysis revealed that electron flux dropouts are likely due to enhanced precipitation into the atmosphere. These flux dropouts showed a good correlation with the stretching of the magnetic field to a more tail-like configuration. Recently, Clilverd et al. (2006) observed large-scale precipitation into the atmosphere during the sudden decrease of geosynchronous electron flux (>2 MeV). However, their indirect observation of precipitation with ground-based ionospheric measurements doesn't show clearly the correlation between RED events and electron precipitations. In this paper, we use in-situ data to demonstrate a RED event can cause particle precipitation.
It has been known that the increased field line curvature on stretched field lines could lead to the breaking of the first adiabatic invariant which can lead to precipitation of particles. Proton isotropic boundary might be explained by the proton precipitation due to magnetic moment scattering (Sergeev and Gvozdevsky, 1995) . Friedel et al. (2002) stated "While this certainly can occur for protons, can this be a process for highly relativistic electrons also? Research in this area is ongoing." While the idea that magnetic moment scattering can lead to particle precipitation has been studied theoretically (Delcourt and Martin, 1994; Buechner and Zelenyi, 1989; Chen and Palmadesso, 1986) , observational analysis has not made much progress. This is because it is difficult to identify the various sources of precipitation. Imhof et al. (1977) observed energy dispersion of precipitating electrons at the trapping boundary and interpreted that these events might occur from the violation of the first adiabatic invariant (Imhof et al., 1979 (Imhof et al., , 1997 Imhof, 1988) . Popielawska and Zwolakowska (1991) used Tsyganenko-87 and -89 model to reproduce the observed sharp decrease of threshold energy with increasing L. While their results show some agreements with measurements in latitude where isotropic precipitation was expected to occur, the very steep profiles of energy dispersion were not well explained. This paper will show the energy dispersion structures can indeed be reproduced with Tsyganenko-01 model using energetic electron data measured by STSAT-1. We estimate how fast electrons can be lost with a simple test particle simulation. Our results support the idea that this process can produce relativistic electron dropouts at the geostationary orbit and can help in the development of a comprehensive model of relativistic electron dynamics to forecast space weather.
Relativistic electron dropouts
An example of relativistic electron dropouts shown in the top panel of Fig. 1 was observed by the geostationary satellite, LANL-02A on 14 June 2004 in the energy range from 75 keV to 1.5 MeV. Note that the 0.75∼1.5 MeV electron flux decreases were observed for ∼5 h at a level that is less than one tenth of the previous flux, while the lower energy (∼100 keV) electron flux recovered after ∼1 h. The flux drop out remained until 15 June and then slowly recovered to the previous level. As shown in the bottom panel of Fig. 1 , the proton flux also decreased concurrent with the electrons. This figure demonstrates that the loss process is more effective for the higher energy electrons and protons.
The local-time progression of the flux dropout at geostationary orbit is shown in Fig. 2 with seven satellites, five LANL satellites and two GOES satellites. In this figure, closed and open circles indicate high and low electron flux levels, respectively. All satellites observed high electron flux at 06:00 UT, but GOES12 first observed electron dropout between 06:00 and 07:00 UT. This dropout was fairly localized as can be seen by the fact that two satellites, GOES 10 and 1990-095 which were separated by 4 h and 3 h in local time from GOES12, didn't see the flux dropout. Somewhat later, electron dropout started to be detected by other satellites and propagated to noon sector from midnight. This result is a little different from Onsager et al. (2002) in which the electron dropout was observed first at dusk (15:00 LT). However, these observations are consistent with the statistical results of Green et al. (2004) who analyzed statistically 52 flux decreases and showed the electron flux is reduced first in the dusk sector (15:00 LT∼24:00 LT) concurrent with the stretching of the magnetic field. Also their superposed epoch plot showed electron depletion started most frequently around 22:00 LT and propagated to all local times after 8 h. The time required for the dropout to be detected at all local times (∼8 h) was much longer than 5 to 10-min drift period of the electrons. This implies the dropout did not occur through the depletion of the drift shells, but rather due to the distortion of the drift shells (Onsager et al., 2002) . Green et al. (2004) showed electron dropout is correlated with geomagnetic field stretching. The top panel of Fig. 3 shows the geomagnetic field measured by the geostationary satellite, GOES-10, from 13 to 14 June. The red line indicates earthward direction and green line shows parallel direction to the satellite spin axis, approximately +Z in GSM coordinate. Comparing to the magnetic field data observed on 13 June, the earthward magnetic field was much enhanced while +Z direction field strength decreased at 12:00 UT on 14 June. Because GOES-10 passed through the midnight sector at 09:20 UT, this field data imply the geomagnetic field was stretched to more tail-like geometry at the night time. Superposed epoch analysis performed by Green et al. (2004) shows electron dropout events are observed preceding quiet condition, occurs with solar wind pressure enhancement, southward turning of B z , decrease of D st and increase of AE indices. During the event, from 06:00 UT to 15:00 UT The violation of the first adiabatic invariant has strict constraint for electrons in the magnetosphere because it requires perturbation with time scales of one gyro period. However, the first adiabatic invariant can be violated if the radius of magnetic field curvature is comparable to the electron gyro radius (Chen and Palmadesso, 1986; Buechner and Zelenyi, 1989; Delcourt and Belmont, 1998) . This is because during one gyro motion, an electron experiences significant magnetic field changes that cause pitch-angle changes so particles enter the loss cone. This magnetic moment scattering is characterized by κ=[R c /ρ] 1/2 , where R c is the minimum radius of magnetic field curvature and ρ is the particle's maximum gyro radius. It's not easy to define clearly the κ values for real magnetic field, because the field has three dimensional configuration and depends on location. For a parabolic field model, B(z)=b x z Lx +b zẑ , we define κ as above, evaluated for a charged particle at z=0 where the radius of curvature is minimum. In this case, the radius of curvature is Lb z /b x and the gyro radius is p/(qb z ) with p and q the particle's momentum and charge (Delcourt and Belmont, 1998) . Figure 4 shows how the electron trajectories depend on κ for four different values. The electron trajectories were calculated by solving the Lorentz equation for a parabolic field model, and electrons were launched from south to north with 30 • initial pitch angle. For three κ values, 2.56 (black), 1.52 (blue) and 0.91 (red), 1 MeV test electrons were used and for the κ value of 0.27 (purple), we used 15 MeV electrons.
The results indicate that for the line(black) having the largest radius of curvature, the terminal pitch angle is exactly same as the initial pitch angle. Here a κ value of 2.56 is slightly larger than the value needed for electrons to undergo non-adiabatic motion. For the field (blue line) having smaller radius of curvature, electrons start to change their pitch angles during the passage through the field reversal region. The final pitch angle can be larger or smaller than initial pitch angle. And some electrons can have very small pitch angles, aligned along the field lines as shown in Fig. 4 . For a detailed description about pitch angle scattering, see Delccourt's papers (Delcourt et al., 1996 (Delcourt et al., , 2004 Delcourt and Belmont, 1998; Delcourt and Martin, 1999) .
As the radius of field line curvature decreases, the final pitch angle range that electrons can have increases. When κ is 0.91, some electrons having 30 • initial pitch angle can have 90 • pitch angle near the equator and move back and forth as chaotic motion (red line). Finally these electrons can be aligned to the magnetic field then precipitate into the atmosphere. For the smallest radius of curvature in Fig. 4 , the electron motion (purple line), κ is 0.27. If κ is much smaller than unity, particles may experience meandering motion about the field minimum as shown by Speiser (1965) . Because electrons have small gyro radius, in the real magnetosphere field line, it is hard for electrons to follow the motions described by red or purple lines. We assumed electrons can be lost by only the pitch angle scattering described by blue line in Fig. 4 .
To estimate how fast electrons can escape from the magnetosphere, we simulated the pitch angle distribution for a field line having κ of 2.1 with 720 000 test particles. For this κ, electrons can change their pitch angles within 1.0 • . Here we assumed the loss cone is just 0.7 • whose value is based on the magnetic field derived from Tsyganenko-01 model (Tsyganenko, 2002) where the magnetic field is 52 940 nT at 100 km altitude and the equatorial field is 7.9 nT. We thus considered test electrons having pitch angles from 0.7 • to 5 • as shown in the top panel of Fig. 5 where the angles are calculated for the equatorial magnetic field assuming the magnetic moment is conserved. The bottom panel of Fig. 5 shows how the pitch angle distribution changed after just one pass through the equator. Note the electron flux in the loss cone increased to almost the same level as outside of the loss cone, which means the loss cone was filled by a strong pitch angle scattering process. With this process, 0.0075% electrons should be lost by precipitation for half bouncing motion. Here we assumed pitch angle distribution is uniform at the outside of loss cone. Because only electrons within 1 • from the loss cone can diffuse into loss cone, loss rate depends on how many times they pass through equatorial region where magnetic moment scattering occurs. The diffusion of electrons away from the loss cone contributes to keeping uniform pitch angle distribution and supplies electrons to the region near loss cone. The loss rate can be calculated from the equation, dF /dt=(−2×0.000075)F /T B , where F is electron flux and T B is a bouncing period. The time taken to reduce the electron flux from the equatorial region of the radiation belt by a factor of 1/e is T B /(2×0.000075). Assuming 1 MeV electrons travel 20 Re for one bouncing motion, T B is about 425 ms. Assuming electron precipitation occurs in the region of 90 • in longitude (25% of a drift circle), our rough calculation shows it takes just 3.1 h to empty radiation belts.
Observations of electron precipitation
The pitch angle scattering by the field line curvature can explain many features of electron dropouts. First, we calculated it takes about 3.1 h to empty an electron flux tube from the radiation belt. This can explain reasonably well the geostationary spacecraft observations of large and fast flux dropouts that takes several hours. The magnetic moment scattering process by field line curvature is more effective for high energy electrons, which can explain why low energy electron dropout is not observed. The magnetic field curvature scattering is most important in the region where field curvature radius is minimum which might correspond to midnight sector and far away from the earth. Thus large L shell electrons can escape more easily. This can explain the observations that electron dropouts begin near midnight and propagate to noon sector. Some other observations, Onsager et al. (2002) in which electron dropouts start from dusk side can be explained by the formation of a partial ring current driven by changing solar wind conditions (Green et al., 2004) . Moreover, this process is effective for both protons and electrons. If 1 MeV electrons had κ of 1.52, 1 MeV proton would have κ of 0.27 for the same field configuration. Thus, the same energy electrons and protons undergo very different motions. Nevertheless, both of them have a chance to precipitate into the Earth's atmosphere by pitch angle scattering if κ is smaller than the critical value of about 2.5 as shown in Fig. 4 . Yet significant proton flux drop is not commonly observed in the low energy region (Fig. 1) . This is possibly due to the fact that the particle's loss rate depends on the number passing through the field reversal region. The gyro radius of 100 keV protons is ten times larger than 1 MeV electrons, but the velocity is just 1.5% of electrons. This means that it takes longer time to deplete protons as electrons.
Though magnetic moment scattering process can explain many features about relativistic electron dropouts, can we say with certainty that the magnetic moment scattering mechanism was really responsible on 14 June? To test this theory, we show in Fig. 6 an electron spectrogram obtained by STSAT-1. STSAT-1 was launched on 27 September 2003 into a sun synchronous low altitude (680 km) orbit. STSAT-1 instrumentation included the Far-ultraviolet Imaging Spectrograph (FIMS), an Electro-Static Analyzer (ESA), Solid State Telescopes (SST), a Langmuir Probe (LP) and Scientific Magnetometer (SM). FIMS is an astrophysical instrument while the latter four are space physics experiment. These four instruments operate simultaneously in the polar region.
SST has two solid state detectors to measure energy spectra of electrons between 170 keV∼360 keV . Each detector has a field of view of 33.9 • , one is parallel and the other is perpendicular to the Earth magnetic field. Because the atmospheric loss cone at 680 km is about 60 • , the perpendicular SST detects trapped electrons mirroring at the satellite altitude while the parallel SST which looks upward detect precipitated electrons. The top two panels show differential energy spectra from the perpendicular and parallel SSTs. The third panel shows the total electron fluxes in the energy measured by the SSTs in the two directions. For comparison with the SST electrons, the perpendicular and parallel components of energy flux spectrograms measured by Electrostatic Analyzer (ESA) are shown in the bottom two panels. A detailed description of the instruments is in Lee et al. (2005) .
As shown in the second panel, strong electron precipitation was observed while significant precipitation was not observed in the low energy spectrogram. With excellent time resolution of SST, 50 ms, an energy dispersion structure whose width is about 0.12 • was resolved at the lower latitude boundary of electron precipitation. Such energy dispersion structure was reported first by Imhof et al. (1977) . They interpreted the energy dispersion structure as resulting from magnetic moment scattering. Because the larger radius of magnetic field curvature generally corresponds to the lower latitude, only high energy electrons can be precipitated at the low latitude. Thus, if we measured electron precipitation generated by magnetic moment scattering, energy dispersion structure should be observed at the precipitation boundary. In Fig. 7 , the magnetic field curvatures and threshold energies are plotted for the magnetic latitude of interest. The threshold energy is defined by the energy corresponding to κ of 2.5 which can induce electron loss by pitch angle scattering. The rectangular box shows the energy range measured by STSAT-1 parallel SST, 170 keV ∼330 keV and the corresponding threshold energy. We derived approximately the radius of curvature from Tsyganenko-01 model where the input parameters used were D st index of −33 nT, solar wind pressure of 2.81 nPa, IMF By of 7.25 nT and Bz of −9.10 nT. These values are slightly different from real measurements where D st index was −20 nT and IMF Bz was −7.1 nT. These solar wind and IMF data were measured by WIND at 11:00 UT, while D st were measured at 12:00 UT. The time difference of 1 h is the time for solar wind whose velocity is 400 km/s to reach the Earth from the WIND spacecraft which was located at −214 Re along X (GSE coordinate). Actually we had some difficulties in selecting these parameters, because there were fluctuations (Fig. 3) , and ACE and WIND showed somewhat different data. Considering Tsyganenko model is a statistical model, we think these changes of IMF Bz and D st index are reasonably applicable in modeling the magnetic field on 14 June. Figure 7 reproduces extremely well the energy dispersion observed by STSAT-1 where the dispersion appeared from 61.72 • to 61.84 • in geomagnetic latitude, which is the same as the result obtained from Tsyganenko model. We showed this dispersion in Fig. 6 with black line. This result strongly suggests that electrons were precipitated on 14 June by the field curvature magnetic moment scattering. Our results strongly support the idea that pitch angle scattering by curvature contributes to the electron flux dropouts. However, we do not exclude other precipitation mechanisms, such as a non-adiabatic loss process, e.g. precipitation by wave and particle interactions. It has been known that electrons in the magnetosphere can interact with electron cyclotron harmonic waves (ECH) (Horne and Thorne, 2000) , electromagnetic ion cyclotron waves (EMIC) (Summers and Thorne, 2003; Albert, 2003; Lorentzen et al., 2000; Horne and Thorne, 1998) , and whistler waves (Lorentzen and Blake, 2001) . These waves are generally observed in different local time sectors. ECH waves are predominantly seen in the midnight to dawn region of magnetosphere associated with substorm injections. EMIC waves occur in the dusk region where the ratio between the plasma frequency and electron gyro frequency is high, and whistler waves are observed in the dawn sector. Figure 8 shows where energetic electron precipitations were observed by STSAT-1 and three NOAA/POES satellites, N15, N16 and N17. The blue line indicates satellite trajectories from 06:00 UT to 15:00 UT in geomagnetic coordinates. STSAT-1 observation was made just in one orbit, while NOAA/POES made five orbit observations. NOAA/POES is at low altitude, 830 km, and polar orbiting. Only NOAA/POES N17 detected significant irregular precipitation signature which energy is >300 keV near 21:00 LT. It's not clear whether this is related with the precipitation observed by STSAT-1 around 23:14 MLT. Yet this figure implies that the relativistic electron dropout event on 14 June is unlikely to be caused by EMIC or whistler mode waves, because these waves are confined to the dusk and dawn regions. At the present time, there are no wave particle interaction theories that can generate the energy dependent electron flux dropouts as seen by STSAT-1.
Conclusions
In this paper, we showed precipitation produced by field curvature can explain well the characteristics of relativistic electron dropout events observed on 14 June 2004. While this event showed a slow recovery, it is important to note that electron dropout events are usually accompanied with sudden electron enhancements. Thus we need to understand acceleration and loss mechanisms to develop a model of relativistic electron dynamics to forecast space weather. In conclusion, the pitch angle scattering induced by field curvature should be viewed as a serious candidate for loss mechanisms of relativistic electrons in the radiation belt.
